NOMENCLATURE

P C G , P RG , P E S S
Total power output of CGs, RGs, and ESSs. P D Total load demand.
P C
Charging power of capacitor.
V bus DC bus voltage. R L,i
Resistance of power line i.
L L,i
Inductance of power line i.
V i
Node i voltage.
I i
Node i current.
P loss
Total power loss in the microgrid.
Generation cost of terminal i.
P i
Power output of terminal i. a i , b i , c i Coefficients in generation cost function of terminal i.
Cost increment rate of terminal i.
Power output bounds of terminal i. G C G , G RG , G E S S Index set of CG, RG, and ESS. P P C C
Power exchange through the PCC.
b, b
Purchasing and selling electricity prices.
μ ij
Adjacency coefficient from node v j to node v i . λ i
Stepsize of terminal i in iteration process.
Subgradient of node v i objective function f i (x) at x = x i (k).
Increment rate of node v i at step k. V * bus
Nominal voltage of the DC bus.
Δt
Time interval between two control steps. n i , n j Neighbors' numbers of node v i and v j .
Power output adjustment of node v i at step k. P m i (k)
Power output measurement of node v i .
I. INTRODUCTION
M
ICROGRIDS provide a new paradigm for distributed generation and power delivery, and are considered a composition unit of smart grids [1] - [3] . A microgrid is a cluster of distributed generators (DGs), loads, energy storage systems (ESSs) and control devices, integrating conventional generators (CGs) and renewable generators (RGs) such as wind turbines (WTs) and photovoltaic systems (PV). Organized as an autonomous system with advanced control and management strategies, microgrids can improve energy efficiency, utilize high penetration of renewable energy, provide ancillary services [4] , and enhance power reliability and quality for customers [5] .
Microgrids can be categorized into two types: AC and DC. Many studies have been carried out on AC microgrid hierarchical control, energy management and islanded operation [6] - [8] . However, ESSs and most RGs in microgrids, such as PV and WTs, are inherently DC or converted to DC, and some electronic loads, e.g., electrical vehicles and computers, require a DC power supply. As a result, multiple conversions are necessary in an AC microgrid, which causes substantial energy wastage before end use [9] . Compared with its AC counterpart, a DC system can reduce losses and achieve higher efficiency. In addition, a DC microgrid offers greater controllability, because it does not suffer from synchronization, reactive power compensation or frequency control problems. Thus, a DC microgrid is more suitable for small scale commercial facilities [10] and residential buildings [11] .
In a DC microgrid, power balance should be maintained to ensure satisfactory DC bus voltage. Similar to the hierarchical control architecture in AC microgrids [12] , [13] , a threelayer structure is also applied in DC microgrids. Voltage control methods in DC microgrids can be categorized into two types: centralized [14] , [15] and distributed. For a centralized scheme, a microgrid central controller (MGCC) communicates with all DGs and gives operational orders to converters after complicated calculation. Significant technical challenges may be encountered because communication networks with complex structures may involve significant time delays, and the system may suffer from single-point failure, which will undermine its reliability. In addition, any expansion of the microgrid will result in reconstruction of the control model in MGCC. In particular, microgrids at remote locations, such as on islands and in rural areas, are usually unattended. After a failure occurs at MGCC there may be a delay of several days before technicians arrive and recover the system. Distributed control is a promising scheme for DC microgrid operation as it is reliable and highly efficient [16] , [17] . One feasible method is independent control, where DG controllers need only local information and no communication link is required. In [18] , a voltage control strategy based on droop control is proposed to achieve reasonable power sharing. Embedded within a novel droop based power sharing scheme, a comprehensive control strategy for DC voltage is proposed in [19] . In [20] , a model-adaptive decentralized control scheme is introduced as an improvement of the classical droop control method. In these studies, droop curves are precisely designed with a flexible transition mechanism to share power fairly under different operational modes. However, because the deviation of DC bus voltage is used for autonomous power sharing among sources, voltage restoration to nominal values cannot be achieved. Furthermore, it has been clarified in [21] that small errors in preset voltages between sources result in significant deviation of source currents. Therefore, despite improved reliability, the flexibility of droop control is limited.
The multi-agent system provides a new option for distributed control for its flexibility, reliability, and scalability [22] . Distributed control to ensure proportional load sharing in a DC microgrid is proposed in [21] , where each two terminals require a communication link to exchange information. A deterioration in reliability may be observed in such a system, because any failure in communication links will affect the performance of the whole system. With the development of power line carrier (PLC) communication [23] , a fully distributed control scheme based on peer-to-peer communication using only neighbor-toneighbor information exchange over a sparse communication network has been proposed and applied to an AC microgrid [24] , [25] . Nevertheless, studies on fully distributed control in DC microgrids are rare and do not fully address all issues. In [26] , a distributed control strategy for energy balancing between ESSs is presented, but without consideration of average bus voltage regulation or grid-connected operational modes. A consensus based distributed control strategy for DC microgrid clusters is proposed in [27] , where average voltage deviation can be eliminated while power flow among microgrids is properly regulated. The study in [28] proposes a unified distributed control strategy to restore voltage and guarantee equal energy levels across all ESSs, and a steady state analysis is provided by modeling the whole microgrid. However, both [27] and [28] take RGs as uncontrollable sources, and only ESSs are used to maintain power balance. In existing studies, power sharing usually only guarantees equal source currents without considering the maximum capacities of sources. In addition, no study of CG in DC voltage control has been undertaken, and none addresses the maximum utilization of renewable energy and minimum generation cost problems.
Conventionally, economical dispatch is achieved by tertiary control, based on the predicted load demand and power generation capacity of RGs. However, due to the uncertainty of renewable energy and rapid changes of load demand, the predicted values of these parameters may involve significant errors and lead to prediction based economical dispatch meaningless. Thus, in this study, two objectives of secondary and tertiary control are combined into one process: elimination of voltage deviation, minimization of generation cost and maximization of renewable energy utilization. A fully distributed control method for a DC microgrid without a central coordinator is proposed in this paper, which can optimize the voltage profile as well as minimizing generation cost. In fact, besides DC microgrids control, the proposed method also can be used for frequency control in islanded AC microgrids.
Compared with droop control methods for DC microgrids, the proposed method can realize optimal power sharing and avoid contention control by coordination among neighbors. Compared with centralized control methods, the proposed method is more robust to communication failures and time delays, and can avoid single-point-failure effectively. To the best of the authors' knowledge, this paper makes the following contributions:
1) A peer-to-peer based distributed control scheme is developed, which first uses the subgradient algorithm accompanied by the equal increment rate (ICR) criteria. This flexible control scheme needs only exchange ICRs for generation costs between neighbors, resulting in a very light communication burden. 2) In addition to restore the DC bus voltage, this scheme can maximize the utilization of renewable generation and minimize the generation cost of conventional generation by adopting the equal ICR criteria. 3) Each controller makes decision only using the latest local measurements and their neighbors' ICR information; the performance of the proposed method in the presence of fairly large communication delays or partial communication failures is promising. The remainder of the paper is organized as follows. Section II presents a DC microgrid model, and generation cost functions are also proposed. In Section III, brief introductions to the subgradient algorithm are given. The control structure and method is proposed in Section IV and verified by case studies in Section V. Finally, Section VI concludes the paper.
II. DC MICROGRID MODEL
A. DC Microgrid Model
A typical DC microgrid consists of various terminals, i.e., DGs, ESSs, and loads. Using a voltage source interface converter (VSC) at the point of common coupling (PCC), the DC microgrid can be connected to or decoupled from the utility grid. In a low-voltage DC microgrid, it is assumed that all terminals are located closely and thus the DC bus impedance can be neglected. An example DC microgrid system configuration is shown in Fig. 1 .
Terminals in DC microgrids can be further categorized into two types: power terminals and slack terminals [19] . Power terminals operate on their own terms, so the power is usually uncontrollable and they do not regulate voltage actively. On the contrary, slack terminals have the ability to regulate power output; thus, they are controlled to accommodate power mismatch caused by power terminals and regulate bus voltage. In this paper, we consider RGs as slack terminals, and their output is regulated by curtailing for some necessary conditions. In addition, ESSs and CGs, supplying the main power reserve, are inherently slack terminals, and loads are power terminals.
To maintain the stability of the DC bus voltage, capacitors are used to provide voltage support. Since the voltage profile is assumed uniform in a small scale low-voltage DC microgrid, capacitors distributed across the DC bus can be considered equivalent to a centralized capacitor with capacitance C. Fig. 2 shows the simplified equivalent circuit model of the DC bus. P C represents the mismatch between power generation and load demand.
Therefore, the dynamic model of DC bus voltage can be expressed as:
As shown in (1), the power mismatch between supply and demand is absorbed by the capacitor, so a constant DC voltage indicates balanced power between terminals.
In DC microgrids, inductances of power lines are usually small. In addition, because power electronic converters have fast dynamic performance to respond to control commands, inductances of power lines are ignored in steady-state based analysis. Considering resistance of power line linking terminal node i and the DC bus, we have
where R L,i is usually constant, and considered to be known by local agent located at node i. This way, each node only measures its own voltage and current output to estimate the DC bus voltage. Thus, by coordinating output of slack terminals in a distributed way, the DC bus voltage can be restored to the nominal value.
B. Generation Cost and the Equal ICR Criteria
The general form of different terminals' generation cost can be expressed as a quadratic function of power output:
By taking the derivative of C i (P i ), the ICR of DG i or ESS i has the following form:
Remark: For an RG or ESS, we define generation cost functions according to economic dispatch objectives, and prove that their cost functions and ICRs have the same form as (3) and (4). Details are given in the Appendix.
Additionally, we have the equal ICR criteria: when total generation cost reaches a minimum, the ICRs of different terminals should be equal to each other or reach their bounds if the transmission capacity is sufficient (see Chapter 9 in [29] ). Therefore, sharing power according to the equal ICR criteria during the voltage restoration process achieves the minimum generation cost. Actually, the equal ICR criteria can also achieve renewable energy utilization maximization and proportional power sharing among RGs by introducing an appropriate cost function. The reason for this is also given in the Appendix.
C. Operational Modes of the DC Microgrid
In the control process, power output constraints of different DGs and ESSs should be satisfied. The constraints can be expressed as
where a minus sign indicates the ESS is in a charging state. A DC microgrid can operate in various modes. In this paper, two typical modes are discussed and analyzed. The first is islanded mode; when the utility grid suffers from a disturbance or a failure occurs, the DC microgrid can transfer into islanded mode -in this mode, power exchange through the PCC is interrupted, and the DC bus voltage is maintained by cooperatively controlling DGs and ESSs. The second mode discussed here is grid-connected mode. In this mode, the DC microgrid is connected to the utility grid by a VSC at the PCC, and the utility grid can supply any power shortage or absorb any power surplus. However, the operator of the DC microgrid must purchase electricity from the utility grid or sell electricity to the utility grid at predetermined prices. Thus, the utility grid plays a similar role to an ESS with the following generation cost:
where a plus sign indicates utility grid output power to the microgrid. Thus the ICR of the utility grid is a piecewise constant.
There are also some other operational modes, such as constant PCC power mode. Control methods for the above two modes can be easily extended to other modes; thus, only the above two modes are discussed and tested in this paper. 
Let x i ∈ R denote the value of node v i . In this paper, this represents the ICR of node v i . We say all nodes in the network reach consensus if and only if x i = x j for all i, j ∈ (1, 2, · · · , m), i = j. This way, the equal ICR problem is modelled as a consensus problem [30] . In this paper, we are interested in a sparse communication network, where no node is connected to all the others via communication links. We need to design an algorithm to establish a map χ : R m → R to make all x i converge to a common value. The subgradient algorithm is always used to solve convex optimization problems in a distributed manner. This algorithm has been proposed in [31] and [32] , and applied to an AC microgrid in [33] and [34] . Based on a connected communication network, the core idea of the subgradient algorithm is as follows: each node generates and updates an estimation of the optimal solution based on information concerning its own cost function and exchanges these estimation directly or indirectly with the other nodes in the network. We consider a scenario where nodes cooperatively minimize a total cost function. Each node has information only about its own cost function f i (x), and minimizes its own cost while exchanging information with neighboring nodes. Specifically, the nodes aim to cooperatively solve the following optimization problem:
where each f i : R → R is a convex function. Under this setting, the state of node v i is an estimation of the optimal solution of equation (9) . We use x i (k) ∈ R to denote the estimate made by node v i at step k. The nodes update their estimation as follows:
If f i (x) is derivable, its subgradient is completely equivalent to the gradient. It has been proved in [31] that when iteration reaches convergence, the estimation of different nodes reaches consensus, and that value is the optimal solution. IV. DISTRIBUTED CONTROL SCHEME As shown in (1), the DC system plays the role of integrator, and only when power balance is achieved will the DC voltage be invariant. Therefore, there are two objectives of distributed control systems: 1) maintain power balance; 2) eliminate voltage deviation. According to (1), these two objectives are correlated. Fig. 3 shows a schematic diagram of the control system. Considering the minimum generation cost and power output constraints of DGs and ESSs, the power balance control problem can be expressed as the following optimization model if output constraints (5)-(7) are neglected:
We use x to denote the common ICR, and substitute (4) into (11); thus the following unconstrained optimization model is obtained:
We assume
This way, (13) has a similar structure to (9) and can be solved using the subgradient algorithm(10). The gradient term d i (k) can be calculated as follows:
where
m . Taking the ICR of node v i in the iteration process as an estimation of the optimal solution, and substituting (15) into (10) yields:
It should be noted that the power mismatch term ( (16) cannot be obtained by node v i in a distributed manner. Thus, the power mismatch term should be substituted by variables which can be obtained locally. From (1), we have the following approximate difference equation: (17) where V bus (k) can be estimated by locally measured V i (k) and I i (k) according to (2) . Substituting (17) into (16) yields
Δ t . The iteration formula above can maintain the power balance between sources and loads. It has been mentioned above that, to achieve voltage restoration, the voltage deviation should be considered in the control process, so the control formula can be modified to:
where K 2 is the feedback coefficient.
The convergence of the subgradient algorithm has been proved in [32] , and the voltage deviation term in (19) plays a role of integral feedback, so the convergence can be guaranteed with an appropriate K 2 . When reaching convergence, the ICRs of different terminals are equal, and the bus voltage is equal to the nominal value. In this paper, the adjacency coefficient μ ij is determined by the metropolis method proposed in [35] , i.e.
Since coefficient K 1 is difficult to accurately calculate in a practical system, it is tuned directly to guarantee control performance.
The power output adjustment of node v i at step k + 1 is
Equations (19)- (21) are the final control formulae. It should be noted that during the derivation process, power output constraints (5)- (7) are neglected. In fact, as discussed in Appendix, the ICRs of CGs and RGs cannot be equal due to their limits. But according to the equal ICR criteria, when the output of node v i reaches a bound, we need only fix this output on the bound, and continue power sharing among the other nodes. That is, during the control process (19) , once ICR i (k + 1) reaches a bound, the power output of node v i no longer changes. To ensure the control process can be continued, the ICR of bounded node v i continues to update according to (19) , but its power output remains unchanged. Under this condition, the ICR can be viewed as a "virtual" ICR. The only role of the "virtual" ICR is that of passing information between neighbors. Because the actual power output is reflected in the voltage variation term, the convergence is not affected if some nodes' power outputs are bounded.
The distributed voltage control method has been described above. For node v i , only its neighbors' ICR information
, so the communication burden is very light. In fact, after considering communication protocol, the required bandwidth of communication network is much less than 8 Kbps. Obviously, low-bandwidth communication can meet this requirement, which is easily realized by using PLC communication. The total control process is shown in Fig. 4 .
V. CASE STUDY
The simulation system was developed using Matlab/Simulink. In this section, case study simulations are carried out to demonstrate the performance of the proposed distributed voltage control method. Note that device-level control is based on electromagnetic transient model, and thus the case studies are based on a dynamic simulation system. A 380 V DC microgrid simulation system comprising two CGs, two PVs, one ESS, and two loads is set up to represent a typical low-voltage DC microgrid, and a capacitor is used to maintain power balance and alleviate voltage fluctuation, as shown by the 2 mF 
PCC, point of common coupling; RG, renewable generator; CG, conventional generator; ESS, energy storage system capacitor in Fig. 1 . It is an equivalent centralized model to represent the capacitors distributed across the DC bus, because the bus voltage profile is assumed to be uniform in this small scale DC microgrid. The DC bus is connected to a 10 kV utility grid by a VSC at the PCC. Table I .
A. Islanded Mode
In this mode, the microgrid is isolated from the utility grid. Two cases are discussed under this mode. Case 1 supposes a scenario where Load 2 suddenly increases by 13.5 kW from 16.5 kW to 30 kW at t = 10 s. Under this setting, the DC bus voltage curve is shown in Fig. 5 . For comparison, the voltage curve under droop control is also given. Fig. 6 shows the power output curves of different terminals during this process. As shown by the results, the bus voltage is restored to the nominal value within several seconds using the proposed method, whereas droop control can only maintain power balance with a voltage deviation.
In Case 2, Load 1 is suddenly shed due to failures. As a result, the total load demand drops by 20 kW at t = 10 s. The DC bus voltage curves under these conditions, using the proposed method and droop control, are both shown in Fig. 7 , and Fig. 8 shows power output curves of different terminals during this process. A similar conclusion to that for Case 1 can be drawn that the proposed method achieves regulation with no deviation. In addition, it is shown in Fig. 8 that power sharing among RGs is proportional to the predicted maximum generation capacity. To demonstrate that the generation cost is minimized, we compare costs for the proposed method for four cases (including the two discussed above) with costs under droop control, equal power sharing, and the optimal value in theory. The results are shown in Fig. 9 . The cost using the proposed method is significantly smaller than those of the other two methods, and equals to the optimal value.
Voltage control performances under different time delays found in P2P communication were also investigated. Fig. 10 Partial communication failure is another practical problem requiring discussion. The proposed method only requires a connected communication network, so convergence will not be affected provided that the connectivity of the network is not disrupted. To verify this, it was assumed that failures occur at communication links 3 and 6 separately, and then at both 3 and 6 simultaneously (see Fig. 1 .) at t = 12 s in Case 1. Besides, communication packages missing may occur in reality. If one agent doesn't receive information from some neighbors, it can only use the information from the other neighbors to execute update. The voltage curves under above scenarios are shown in Fig. 11 . Worse case scenarios are: 1) one agent loses its all communication links and fixes its output; 2) one agent breaks down and the terminal trips off. Under these two scenarios, the fault node exits from control process, and the other nodes keep exchanging information over remainder communication network. Here we assume that the above two scenarios occur at agent 2 separately at t = 12 s in Case 1; the voltage curves are also shown in Fig. 11 . The results verify the above conclusion, and indicate that the distributed method has high reliability. In contrast, a centralized control scheme will malfunction when a single-point failure occurs at the MGCC.
B. Grid-Connected Mode
The two cases in islanded mode are studied again here, with the setting that the microgrid is connected to the utility grid at the same time as load change. The DC bus voltage curves for these two cases are shown in Figs. 12 and 13 , and Fig. 14 shows power output curves of different terminals during the control process. As shown by these results, similar to islanded mode, the voltage control performance of the proposed method is better than droop control, and the utility grid participates in the control process in a reasonable way to share load demand with distributed terminals according to cost. As shown in Table II , the costs of the proposed method are almost equal to the optimal theoretical values for both cases, and small differences occur because losses are neglected in the latter. These results confirm that the generation cost is minimized by the proposed method.
VI. CONCLUSION
This paper introduces a distributed control method for DC microgrids, based on the subgradient method, to reach consensus among different terminals. Combined with the equal ICR criteria, the method can regulate DC bus voltage to the nominal value with minimum generation cost. Each local controller need only exchange ICR information between its neighbors over a sparse communication network. Based on peer-to-peer communication, the distributed method has advantages in terms of robustness, scalability and flexibility over centralized control schemes. Simulations have been undertaken to demonstrate the performance of the proposed method in a 380 V DC microgrid. The results indicate that the method shows promising performance in voltage regulation as well as minimizing generation cost, both under islanded mode and grid-connected mode. In addition, this method can improve the utilization of renewable energy via reasonable power sharing among RGs. The numerical tests also indicate promising performances in the presence of fairly large communication delays or partial communication failure.
APPENDIX
For an RG, the generation cost function is defined as
. (22) Equation (22) indicates that the generation cost is at a minimum when the power sharing scheme takes full advantage of the capacity of RGs. Thus, renewable energy utilization maximization is inherently achieved, provided that generation cost minimization can be guaranteed. In fact, by introducing a i = 1/P max i , b i = −2, c i = P max i , the RG cost function takes the same form as that for a CG, given in (3).
For ESS, a generation cost function is defined as
The form is the same as that for a CG, if b i = 0 is introduced. It should be noted that ICRs of two terminals may be unequal due to power output limits. For example, the ICRs of CGs are always positive, whereas the ICRs of RGs are non-positive. This does not contradict the ICR criteria, because when generation cost reaches a minimum, some outputs must be at a bound and the ICRs of other terminals are equal. Additionally, because cost ICRs of RGs are always less than those of CGs, RGs have higher power generation priority, leading to increased utilization of renewable energy. When the ICRs of RGs are equal, power outputs of RG i and RG j meet the following equation:
Equation (24) indicates that power outputs of RGs are proportional to their predicted maximum generation capacities, implying more reasonable power sharing.
